This paper investigates the effect of substrate surface finish and deposition conditions of PVD multilayer Inconel 625/Cr coatings on their ability to act as a corrosion-barrier. The corrosionbarrier performance of the coatings was characterized by potentiodynamic testing and salt-spray testing followed by image analysis of the exposed surface; further coating properties were investigated through XRD, SEM, EDX and scratch testing. The results show that multilayering produced the expected improvement in scratch resistance however it did not affect corrosion behaviour. Interrupting the deposition process did not decrease the defect density. Defect density was observed to reduce with decreasing substrate surface finish. The corrosion barrier performance of the multilayer Inconel 625/Cr coating (bp100 nm) was greatly improved for coatings deposited on a polished substrate. For the multilayer Inconel 625/Cr coating system used in this work multilayering and process interruption did not prevent defects from limiting the corrosion barrier effectiveness of the coatings. Corrosion barrier performance was successfully enhanced by the use of low roughness substrates to minimise the defect density.
Introduction
Many coatings which the industrial sector has relied upon for many years are produced by chemical deposition (both electro-and electroless deposition). The production of coatings by this method is coming under increasing pressure due to environmental concerns, with legislation (such as REACH [1] ) putting the long term availability of these processes at risk. In particular, physical vapour deposition (PVD) is seen as an attractive coating technique in this regard, as there are few restrictions on the choice of substrate material and the coating process does not cause thermal damage to the substrate. The properties of the coatings can be controlled through the materials and deposition methods used, the coating architecture and the nature of the substrate [2, 3] . PVD coatings are most widely used to enhance wear resistance or surface hardness. While corrosion protection is not usually the main function of these coatings, there is a requirement that they are sufficiently corrosion resistant to survive in their service environment.
The nature of the growth of PVD coatings features numerous nucleation sites which tends to result in a, at least partially, columnar nature of the coatings. The interfaces between adjacent columns can act as pathways for corrosive agents to reach the substrate, thereby preventing the coating from acting as an effective corrosion barrier. The growth of such coatings also closely follows the topography of the substrate surface, and therefore, the substrate surface finish is an important factor in determining the coating properties [4] [5] [6] . PVD coatings contain microporosity as well as growth defects, and these growth defects can cause local loss of adhesion and increase the permeability of the coating, therefore reducing the corrosion-barrier performance of the film [5, [7] [8] [9] [10] [11] [12] .
In order to improve the corrosion barrier properties of PVD coatings, it is important to minimise the density of these defects; many attempts have been made to reduce these defects but they are yet to be eliminated completely [7] [8] [9] [10] , meaning that such films are not yet generally competitive with electro-and electroless deposited coatings in terms of corrosion-barrier capabilities. Defects tend to be non-uniformly distributed over the coated surface; the density, shape and size of the defects is dependent on the deposition conditions and the nature of the substrate. Defects can originate from substrate surface irregularities such as pits and asperities, foreign particle contamination on the substrate surface (such as dust and grinding/polishing residues), and from uncontrolled deposition of material from the sputter or evaporation source [8, 10, [12] [13] [14] . It is assumed that large defects are related to the cleanliness of the batching room, and it has been shown that some microscopic particles can remain on the substrate surface even after ultrasonic cleaning [9, 12] . During deposition, these particles are coated and create cone like defects (also known as flake defects [8] ) which commonly experience high residual stresses, and due to these stresses these cones of coating material may fall off either immediately following deposition or in service, leaving pits in the coating. In addition, some cavities which occur during deposition cannot be completely covered due to the shadowing effect of thin hard coatings [8, 12] .
A significant body of research has been reported in the literature describing the effects of the substrate surface finish on the defect density and the mechanical properties of the coatings. It has been demonstrated that a smooth substrate surface finish provides a coating with a lower defect density, and accordingly, not only improves the adhesion of the coating but also improves the corrosion resistance and results in a lower friction coefficient within a tribological couple [6, [14] [15] [16] [17] . Panjan et al. have investigated the origin of growth defects and their distribution across a surface, demonstrating that the formation of growth defects is variable, both in time and in space [18] .
There are many ways which have been proposed for the improvement in the corrosion-barrier performance of PVD coatings, such as the use of thicker coatings, multilayering, intermediate etching, alloying and through the elimination of droplets by modification of the deposition process [19] [20] [21] [22] . During intermediate etching, the grown film surface is bombarded by ions. This is said to increase growth defect density near the surface in order to create new nucleation sites for the subsequently deposited film, therefore, reducing the density of through-pores and pinholes [19, 23] . Fenker et al. have examined the effect of intermediate etching on the corrosion behaviour of monolithic CrN and multilayer Cr/CrN films as a means of disrupting the film growth (in an attempt to disrupt defect propagation through the film); they found that whilst intermediate etching improves the corrosion resistance of monolithic CrN films, for multilayered coatings the adhesion of the coatings to the substrate was worse after intermediate etching and no improvement could be seen in the corrosion resistance [19] .
It has been proposed that the multilayering will serve to block the path of the corrosive agent to the substrate by closing up pores, crevices, defects or failures due to the coatings columnar structure [24] [25] [26] [27] (i.e. the multilayering process itself disrupts the growth of the film, including the growth of defects). In terms of tribological properties, multilayers are often used to create a coating which combines a high hardness with a low elastic modulus through alternating of hard and soft layers; the multilayers also improve the resistance of the coating to fracture, due to cracks not being able to propagate from layer to layer. The coating is also able to accommodate substrate deformation (which can occur under load) through shear at the interfaces between individual layers, or by shear within one of the layer types within the multilayer (generally, a material with a low yield strength) [5, [28] [29] [30] .
This paper seeks to investigate the effects of multilayering, substrate surface finish and coating deposition process conditions on coating defect type and density and to correlate these with the corrosion-barrier behaviour. A multilayer Inconel 625/Cr coating has been selected for the study. The Inconel 625/Cr system was chosen with the intention of generating coatings that were both scratch and corrosion resistant. Both constituents have a desirably good corrosion resistance and the higher strength of the Inconel 625 enables it to act as the harder layer with Cr acting as the softer layer in order for the multilayer coatings to benefit from the enhanced resistance to fracture by the mechanism described above.
Experimental details

Materials
An M42 high speed steel in the form of Ø30 mm discs, 3 mm thick, with a directional 1200 grit surface finish, HV = 946 ± 12 kg f mm -2 was employed as the substrate for scratch tests and a 440C stainless steel (SS) in the form of Ø35 mm discs, 3 mm thick, heat treated to HV = 476 ± 7 kg f mm -2 , was employed as the substrate for corrosion tests. Compositions of the substrates, as determined using optical emission spectroscopy on the as ground substrates, are presented in Table 1 . Four measurements were taken per substrate and an average was calculated.
The PVD coating materials employed were chromium (Cr) and Inconel 625, the latter being a nickel based superalloy with a composition as shown in table 2 [31] . These materials were deposited either as single layers, or in a multilayer architecture.
PVD coating
Coatings were deposited at Teer Coatings Ltd. using Closed Field Unbalanced Magnetron Sputter Ion Plating (CFUBMSIP). Two batches of coatings were produced. The initial batch was employed to investigate the effect of the architecture on the scratch and corrosion-barrier performance of multilayer Inconel 625/Cr coatings. In addition to a monolithic Inconel 625 coating, multilayer Inconel 625/Cr coatings with individual layer thicknesses of 10 nm (bp20 nm), 50 nm (bp100 nm) and 300 nm (bp600 nm) were generated ( Figure 1 ). In each case the coating consisted of alternating layers of the two materials, so the repeat distance, or bilayer period, bp, was twice the layer thickness. For the second batch, the bp100 nm, multilayer
Inconel 625/Cr coating was selected for detailed investigation of the effects of substrate surface roughness and interrupted deposition conditions on the corrosion-barrier performance of the coatings. This coating system was selected as a balance between the number of multilayer interfaces present in the coating and visibility of distinct layers in SEM micrographs (Figure 1 ), which allows the effects of any growth defects on coating structure to be readily identified by the disruption of the individual layers. Three different surface finishes were investigated: a unidirectional workshop grind (Ra = 126 ± 8 nm), a unidirectional 1200 grit grind (Ra = 78 ± 12 nm), and a 6μm polish (Ra = 12 ± 4 nm)
Prior to coating, the samples were ultrasonically cleaned in acetone for 15 minutes and then dried before being loaded into the coating system. Once in place, the parts were given a final clean with a methanol-soaked cloth in order to remove any dust. The system was then pumped down for a minimum of an hour to less than 7 x 10 -5 mbar to remove possible contaminants, before being back filled with argon at 25 sccm.
A pulsed DC argon ion clean of the surface was carried out for 20 minutes in which a negative voltage of 400 V was applied to the samples while a low current of around 0.2 A was applied to the targets with a voltage of around 250 V using a pulsed DC power supply set at a frequency of 250 kHz and pulse width of 500 ns, the deposition pressure used was around 2.6 x 10 -3 mbar.
In every case, in order to improve the adhesion of the coating to the substrate, the first coating layer deposited was 100 nm of chromium. For multilayer deposition, the Inconel 625 and Cr targets were mounted vertically and opposite each other in the chamber. Substrates were mounted vertically on a cylindrical sample holder that was positioned in the centre of the deposition chamber and which rotated about a vertical axis in the centre of the chamber. When the sample was directly facing the target, the distance between the sample and target was 150 mm. In order to produce distinct multilayers, the rotation speed and deposition rate were selected so that the Cr layers and Inconel 625 layers of the desired thickness were deposited.
This cycle of deposition was repeated for the requisite number of rotations to build up the multilayer coatings. In each case, the process was designed to produce a coating which consisted of Cr layers and Inconel 625 layers of equal thickness. All coatings had a final thickness of ~ 4 µm.
The effect of process continuity was investigated using 440C SS substrates with a 1200 grit surface finish. Two different interrupted process conditions were investigated, namely intermediate etch and interrupted conditions. Both require the coating process to be stopped mid-way. For the intermediate etch process, an ion etch was carried out for 5 minutes on the coating surface during an interruption in the deposition. This process did not require venting of the system, therefore no drop in temperature occurred. For the interrupted conditions, the coating process was stopped mid-way through deposition and the system was vented, in which the temperature dropped to around 50 o C; however, no ion etch was carried out. The system was then pumped down for a minimum of an hour to 7 x 10 -5 mbar to remove possible contaminants.
Characterization of coatings
SEM and energy dispersive x-ray (EDX) analysis
Imaging was carried out using two microscopes, a Phillips XL-30 FEG-ESEM and a Zeiss Nvision40 Crossbeam, both using a 20 kV beam. Images of top surfaces and cross-sections were taken using both secondary electron (SE) and back scattered electron (BSE) modes. EDX analysis was performed in the SEM, using spot analysis with counting times of 60 s. Top surface SEM was carried out to determine the number and size of defects in the coatings over a 4300 µm 2 area. Images were taken at 4000x magnification and two images were taken of areas representing the defect density across the whole coating. Defects were categorised by size and shape as linear defects and circular defects. Circular defects were separated into three groups:
larger than 3 µm, between 1 and 3 µm and smaller than 1 µm.
XRD
X-ray diffraction (XRD) was carried out using a Bruker D8 Advance, using monochromatic Cu-Kα radiation with a wavelength (λ) of 1.5418 nm, emitted through a 0.6 mm slit. A glancing angle was used with a 2θ step size of 0.02°, and a two second dwell. The machine was operated at 40 kV and 35 mA using 2θ diffraction angles that varied between 10° and 100°. The JCPDS-ICDD powder diffraction database was used to characterise films.
Scratch testing
Scratch testing was carried out on coatings deposited onto an M42 high speed steel substrate using a Teer Coatings ST3001 scratch tester with a Rockwell Diamond indenter tip of radius 0.2 mm. A linear scratch velocity of 10 mm min -1 was employed, with the normal load being increased from 10 N to 100 N at a rate of 100 N min -1 . The system used can determine failure load to a precision of 0.03%. Tests were terminated if either a frictional force of 30 N was reached or total failure of the coating occurred. Single measurements were made.
Corrosion testing
Salt-spray testing of the coated substrates was carried out in accord with ASTM B117. The coated 440C SS discs were quartered, and the backs and sides of the quarter samples were masked with lacquer (from MacDermid) to ensure that only the coated surface (around 240 mm 2 ) was exposed; two separate samples were examined in the salt-spray test for each coating type and surface / process condition.
During the salt-spray test, samples were inspected every 15 minutes for the first four hours of exposure, and every hour thereafter. At each inspection, the samples were removed from the chamber, washed of any excess salt or corrosion product and dried before being photographed.
Image analysis of the photographs of the exposed samples was carried out, using ImageJ software (National Institutes of Health, Bethesda, Maryland, USA), to determine the percentage coverage of the exposed surfaces with corrosion products. Repeat tests were conducted for each coating type. Further corrosion tests were carried out using potentiodynamic testing. Samples were cut to 10 x 10 mm and mounted in Dap Mount Blue hot mounting resin from MetPrep Ltd. Using a 2.5 mm drill followed by M3 tap, a hole was created in the back of the mount reaching the back of the sample. The sample was then cleaned and a copper rod was inserted into the back until it made connection with the back of the sample, the connection was tested using a voltmeter. Following this the copper rod and sample were coated in lacquer, coating only the edges of the sample face, leaving as much of the face exposed as possible. The exposed area was then measured for use in calculating current density.
Tests were carried out using a VoltaLab PGZ 100 Potentiostat and Voltamaster 4 software. A platinum auxiliary electrode was used and a saturated potassium chloride electrode was used as a reference. The test was carried out in 5 wt% salt solution made by dissolving 52.6 g of NaCl in 1000 g of de-ionised water. All equipment was cleaned and rinsed in deionised water before testing. The system was deoxygenated by pumping nitrogen for 1 hour. After an hour the nitrogen was turned off, the temperature of the solution was measured and an open circuit potential scan was run. A potential linear voltage scan was then run between -250 mV below OCP and 1500 mV at a scan rate of 0.5 mV s -1 and a sampling rate of 1 measurement per second.
Two tests were conducted for each coating type.
The corrosion current (Icorr) was calculated using the Tafel method according to the 1 st Stern equation [32] . Calculations of icorr were carried out using Voltamaster 4 software. The parameters of smoothing, calculation zone and segment were varied until a line of best fit was reached. Corrosion potential (Ecorr) and polarisation resistance (RP) were measured by plotting potential Vs current density and drawing a line of best fit. Ecorr was calculated at the point of zero current density (i=0) and the polarisation resistance was measured by the gradient of the line (   ∆   ∆   ) .
3 Results & discussion
Effect of multilayering
Cross sections of the multilayer Inconel 625/Cr coatings can be seen in Fig. 1 . The layers in in the bp100 nm and the bp600 nm multilayer coatings ( Fig. 1 a & b) are clearly visible, however the individual layers in the bp20 nm multilayer coating (Fig. 1c ) cannot be clearly seen due to the resolution of the SEM. performance and the number of layer interfaces per unit thickness of the coating. Fig. 5a shows a cross-section through an area of a bp100 nm sample after 18 h of salt spray testing. Corrosion products can be seen both above and below the coating. It is clear that extensive substrate corrosion has occurred, the coating itself is cracked but there are no signs of extensive corrosion. This image clearly demonstrates that the poor corrosion resistance was not due to corrosion of the coating itself, but was associated with the inability of the coating to form an effective barrier to the corrosive media reaching the substrate. As seen in the SEM image in Cross-sectional SEM imaging of the coated substrates has allowed various different types of defects to be identified. Fig. 6a shows a defect that penetrates all the way through the coating that is clearly related to a macroscopic surface feature. This also illustrates how the PVD coating morphology closely follows that of the underlying surface. In Fig. 6b , cone defects can be observed; it has been previously reported that these result from contaminant particles which are either already present on the substrate surface or which are generated by the sputtering source and land on the surface during deposition [8, 12] . In Fig.6c the contrasting multilayers make it easy to see how defects initiating on the surface result in disruption that propagates the thickness of the coating. Fig. 6d shows a location where corrosion of the substrate has occurred underneath a region of the coating containing defects, again the disruption to the multilayers makes the location of the defects easily visible. The inability of the coating to act as an effective barrier between the substrate and the corrosive media is attributed to the presence of defects in the coatings which provide effective paths for the corrosive media to reach the substrate.
Effect of substrate surface and deposition conditions on corrosion behaviour
The results of salt-spray tests carried out on coatings deposited under different deposition Table 3 respectively.
For coatings deposited on different surface roughness substrates (Fig. 8) , all coatings exhibited a larger sample to sample variation than was seen for the uncoated 440C SS substrate. The corrosion potential of the coated samples is either more positive than that of the uncoated 440C SS substrate or approximately the same as the 440C SS substrate. The anodic sections of the potentiodynamic results show that the PVD coatings do decrease the corrosion current density.
The only exception to this is the initial anodic region of the initial 1200 grit sample, which has a corrosion potential similar to that of the uncoated 440C SS. No evidence of passivation is seen. The samples cannot be ranked in terms of corrosion resistance based on the potentiodynamic results as the scatter due sample to sample variation and the coating type to coating type variation overlap.
For coatings deposited under different deposition conditions (Fig. 9) , it can again be seen that the PVD coatings decrease the corrosion current density, i.e. improve corrosion resistance. The only exception to this is again the initial anodic region of the initial 1200 grit sample, which has a corrosion potential similar to that of the uncoated 440C SS. Sample to sample variation in both corrosion current density and corrosion potential are again seen to be of a similar magnitude to the variation due to coating type. Some indication of passivation is seen in the results for samples with the intermediate etch as well as for the samples generated by the interuppted process. (Fig. 10a) has a large number of both linear and nonlinear growth defects. That on the 1200 grit surface has linear features but few large nonlinear growth defects (Fig. 10b) and the coating on the 6 µm polished substrate appears largely featureless (Fig. 10c) . Reducing the substrate surface roughness appeared to reduce the defect density of all types of defects. Comparison of Figs 10 b,d&e shows that effect of the different coating deposition processes is less distinct than the effect of the substrate roughness. Fig. 11 shows examples from each of the defect categories used to generate Fig. 12 . Fig. 12 shows defect density results, a clear reduction in defect density with decreasing substrate surface roughness is seen: coatings deposited on a 1200 grit substrate surface finish 
Effect of substrate surface and deposition conditions on defect populations
Discussion
The cross sections shown in Fig.5 confirm that, for the multilayer Inconel 625/Cr coatings used in this work, corrosion of the system is not due to corrosion of the coatings themselves but by the ineffectiveness of the coatings as a barrier between the corrosive media and the substrate material. The salt spray results in Fig.4 show that multilayering itself does not improve the corrosion resistance of the coating, i.e. that the interfaces in the multilayered structure do not improve the barrier behaviour of the coatings. This indicates both that the corrosion behaviour is dominated by through thickness defects which breach the coating and that, as Fig. 6 illustrates, multilayering does not block these defects. The addition of more significant disruption to the deposition process by the use of a. process interruption and b. an intermediate etch, did not decrease, or significantly change, the surface defect densities.
The XRD results indicate that both the Inconel 625 and Cr have preferential growth directions, the high relative intensity of both the Cr{1 1 0} and Inconel 625{1 1 1} planes indicates that the preferential growth of each crystal system has resulted in alignment of these planes, i.e.
alignment of the body centred cubic Cr{1 1 0} and face centred cubic Inconel 625{1 1 1} planes.
This is the well known Kurdjumov-Sachs orientational relationship (KSOR) [35] . The good fit between the Inconel 625 and Cr crystal structures that the KSOR produces means that the Inconel 625/Cr interfaces are semi-coherent. The structural disruption associated with the interface is therefore minimal, meaning that any lattice disruption caused by defects can easily continue across the interface instead of being blocked. Fig. 12 shows that the substrate surface roughness clearly influences the resultant defect density, with populations of all defect types decreasing as surface roughness decreases. The improved salt spray corrosion resistance of the polished samples is attributed to the decreased defect density. However, it is not possible from these results to determine which, if any, specific defect type is most important.
It must be noted that the corrosion results show significant variations for corrosion current density, corrosion potential and polarisation resistance for nominally identical samples. This is consistent with corrosion being due to defects that are randomly distributed across the sample.
It is clear that neither of the two modified deposition processes decrease the population of defects. Comparison of the defect populations with that for the coating produced with the standard process on the 1200 grit substrate show that both modified processes increase the total number of defects (Fig. 12) . This is largely due to the increase in the population of circular defects. This could be attributed to dust or particles (which remain in the chamber even after cleaning) being moved during the pumping stage and landing on the sample surface. This process happens twice for the modified deposition processes and only once for the standard process, hence an increase in the population of any associated defects would be expected.
Conclusions
The results and analysis presented in this paper show that for the Inconel 625/Cr system considered, the following conclusions can be drawn:
 Multilayering in this system does not improve corrosion-barrier performance.
 Corrosion behaviour is determined by the presence of defects which provide pathways for corrosive media through the coatings.
 Neither multilayering nor process interruption block these defects for the Inconel 625/Cr system used in this work, this is due to the KSOR.
 The surface finish of the substrate affects the defect type and density within the PVD coating and can have a significant effect on the salt-spray corrosion-barrier performance.
 The corrosion barrier performance of the bp100 nm multilayer Inconel 625/Cr coating was significantly increased for coatings deposited on a polished substrate.
 The somewhat random nature of the spatial distribution of defects introduces variation into the corrosion results. 
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